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Combined EM/X-Ray Imaging Yields a Quasi-Atomic
Model of the Adenovirus-Related Bacteriophage PRD1
and Shows Key Capsid and Membrane Interactions
volved in the major P3 interactions, within the quasi-
equivalent interfaces and with the membrane, and show
how these are altered upon DNA packaging.
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Oxford OX3 7BN The PRD1 virion has an icosahedral protein capsid with
an underlying membrane that encloses its genome (Fig-United Kingdom
4 Department of Biosciences and Institute ure 1a). The mass of the entire virion has been estimated
to be 66  106 Da, of which 70% is protein, 15% lipid,of Biotechnology
Viikki Biocenter and 15% DNA [1]. PRD1 infection leads to the synthesis
of 30 phage-specific proteins in the host cell, most ofUniversity of Helsinki
P. O. Box 56 (Viikinkaari 5) which are incorporated into the virion [1]. The 240 copies
of P3, a homotrimeric molecule of 43.1 kDa per mono-00014 Helsinki
Finland mer, account for 75% of the virion protein [1, 2]. The
pentameric protein P31, the receptor binding protein
P2, and the minor protein P5 contribute to a vertex
complex [3–6], similar to that formed by penton baseSummary
and fiber in adenovirus [7]. At least 15 proteins are asso-
ciated with the viral membrane, which has a 40:60 pro-Background: The dsDNA bacteriophage PRD1 has a
tein/lipid mass ratio. While all these proteins are phagemembrane inside its icosahedral capsid. While its large
specific, the lipids are derived from the host.size (66 MDa) hinders the study of the complete virion
PRD1 has a single linear dsDNA molecule of aboutat atomic resolution, a 1.65-A˚ crystallographic structure
14.9 kbp with terminal proteins covalently linked to theof its major coat protein, P3, is available. Cryo-electron
5 termini and identical inverted terminal repeat se-microscopy (cryo-EM) and three-dimensional recon-
quences at both ends. The terminal protein is used asstruction have shown the capsid at 20–28 A˚ resolution.
a primer in the initiation of DNA replication, which utilizesStriking architectural similarities between PRD1 and the
a sliding-back mechanism [8] similar to those describedmammalian adenovirus indicate a common ancestor.
for bacteriophage φ29 [9] and adenovirus [10].
PRD1 virion assembly starts with the synthesis of cap-
Results: The P3 atomic structure has been fitted into sid proteins in the cytoplasm and the formation of empty
improved cryo-EM reconstructions for three types of particles at the membrane. A nonsense mutant, sus1,
PRD1 particles: the wild-type virion, a packaging mutant is defective in the synthesis of the packaging protein
without DNA, and a P3-shell lacking the membrane and (P9) and does not package DNA [11, 12], and so its
the vertices. Establishing the absolute EM scale was empty particles represent the assembly intermediate.
crucial for an accurate match. The resulting “quasi- Detergent treatment of sus1 dissolves the membrane
atomic” models of the capsid define the residues in- and produces protein shells composed mainly of P3
(P3-shell) [13]. In the wild-type virion (wt), DNA encapsi-
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Figure 1. Bacteriophage PRD1 and its Major Coat Protein, P3
(a) A schematic representation of PRD1.
(b) A ribbon diagram of the P3 trimer, as seen from outside the virion, showing the two  barrels in each monomer.
(c) A side view of the P3 trimer. The towers constitute the outermost part of the viral particle. The C and N termini and the I1B2 loop that
connects the two  barrels all face the viral membrane.
rus [7], with 240 copies of P3 packed on a pseudo T  an excellent source of phase information in future crys-
tallographic studies on the complete virion.25 lattice to form the facets and different structures at
the vertices. Both membrane leaflets appeared icosahe-
dral and followed the interior capsid surfaces, but the Results and Discussion
wt virion showed more interactions between the protein
shell and the outer membrane leaflet. The reconstruction Cryo-EM Reconstructions
The improved reconstructions of the PRD1 wt, sus1,of the P3-shell at 20 A˚ resolution [2] showed only 180
P3 trimers, as SDS treatment removes the membrane, and P3-shell particles (Figure 2) reflect several advances
over the original work [2]. Larger data sets (861 particlesthe vertex, and the peripentonal P3 trimers.
The parallels observed between PRD1 and adenovirus for wt, 1800 for sus1, and 471 for the P3-shell) with a
broader range of defocus values (from1.3 to4.1 m)in their capsid organization were shown to extend to
the molecular level when the structure of the PRD1 P3 provide higher signal-to-noise and uniform coverage of
the resolution range. A preliminary atomic model of theprotein [14, 15] revealed a striking resemblance to ade-
novirus hexon [7, 16]. Like hexon, the P3 trimer has a P3-shell was generated using O [23] and emfit [24] and
was used to refine the particle orientations [21] androughly hexagonal base composed of six jellyroll barrels
(Figures 1b and 1c). One of the two barrels in each to correct the amplitudes of the reconstruction. The
resolution of each reconstruction, as estimated by themonomer is elongated, giving rise to three “towers” and
a triangular shape at the top of the trimeric molecule. Fourier shell correlation (FSC)  0.5 criterion [25–28],
was 25 A˚ for wt, 14 A˚ for sus1, and 12 A˚ for the P3-shell.The towers are easily recognizable in the cryo-EM recon-
structions [2]. The similarities in architecture between The new PRD1 reconstructions provide an example
of how available X-ray information can be very valuablePRD1 and adenovirus, together with functional similari-
ties such as their DNA replication mode, provide strong for the improvement and quality assessment of cryo-
EM reconstructions. The use of a preliminary atomicevidence for an evolutionary relationship between ani-
mal and bacterial viruses [14]. model of the P3-shell to refine the orientations of individ-
ual images helped to increase the resolution of this re-Determination of the complete atomic structure of
PRD1 would be the desirable, but ambitious, next step. construction from 18 to 12 A˚. Later, the same preliminary
model was used to correct the amplitudes of the threeThe virion mass exceeds that of bluetongue virus core,
the largest viral structure solved to date [17]. A more final cryo-EM maps. The most noticeable effect of this
restoration was on the P3 density distribution. The un-tractable goal, already successfully used in a variety of
viral systems, is to combine cryo-EM maps with atomic corrected density for the P3 towers was much stronger
than that for the base, which was not in accord with itsresolution structures of their components [18–22].
The combined approach has now been applied to molecular structure. The towers, composed mainly of
unstructured loops, should not be denser than the viralproduce quasi-atomic models of the PRD1 capsid. Im-
proved cryo-EM reconstructions of the wt virion, the jellyrolls in the base. The amplitude-restored recon-
structions show a more homogeneous density distribu-sus1 mutant, and the P3-shell confirm and show in
greater detail all the previous findings and provide novel tion and so correspond better to the arrangement of the
P3 polypeptide in the trimer.information on two specific features of PRD1: the vertex
and the packaged DNA. The quasi-atomic models show The resolution of the wt reconstruction is much lower
than that of the others. It is likely that the presence ofthe P3 trimer-trimer interactions in the different capsid
interfaces and reveal two potential binding sites for mi- the viral genome, a very large nonicosahedrally ordered
mass, makes the orientation search more problematic.nor proteins. They identify the P3 residues that interact
with the viral membrane and reveal how these interac- In addition, a single coefficient like the FSC is inadequate
for judging the resolution of such a complicated speci-tions change upon DNA packaging. The models provide
a good basis for exploring further structural similarities men, where different structural components have differ-
ent degrees of order [21]. A different approach to as-with adenovirus using difference imaging. They are also
Bacteriophage PRD1 Quasi-Atomic Capsid Model
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Figure 2. PRD1 Cryo-EM Reconstructions
(a) Representative cryo-electron micrographs of wt, the sus1 mutant, and the P3-shell.
(b) Central sections of the reconstructions, perpendicular to the icosahedral two-fold axis. Higher density is shown in darker shades. Note
the concentric layers of density corresponding to membrane and DNA in wt, the icosahedrally shaped bilayer in sus1, and the absence of
membrane and vertex structures in the P3-shell.
(c) A surface-rendered representation (2 threshold) of the front half of the reconstructions, viewed down the two-fold axis. The scale bar
represents 1000 A˚ in (a) and 200 A˚ in (b) and (c).
sessing resolution involves a comparison with quasi- 3). The five arms of the star are kidney shaped and chiral.
A bottle-shaped cavity in the interior appears closed inatomic resolution models, as will be described below.
volumes contoured at the 1 level, but open in volumes
contoured at the 2 level, yielding the correct volume
Structure of the Vertex Complex for 240 P3 trimers (using a density of 1.33 g/cm3). At 2,
The previous reconstructions showed flat vertex regions the diameter of the vertex cavity varies from 17 to 7 A˚,
and its height is 34 A˚. A protrusion in the star center isin the sus1 and wt particles [2]. The improved sus1
reconstruction resolves this region as a star-shaped 13 A˚ high and 12 A˚ wide.
The composition of the vertex is under active investi-density that is 60 A˚ in diameter and 43 A˚ high (Figure
Structure
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bility that P2, the attachment protein, is the structural
and functional equivalent of the adenovirus fiber is being
explored by crystallographic studies [29]. Ongoing
difference imaging studies between the quasi-atomic
resolution capsid models (containing only P3) and the
cryo-EM reconstructions will provide more information
on the icosahedrally ordered vertex features. The struc-
ture of the less-ordered elements will remain a mystery
until the vertex is analyzed, either by cryo-EM or by
X-ray diffraction, with lower symmetry constraints.
Packed DNA Configuration
Five concentric rings are present within the protein cap-
sid of the wt reconstruction (Figure 2b). Analysis of radial
averages and plots of the minimum density in 20circular
sectors around the icosahedral symmetry axes in central
sections revealed similar characteristics for all five rings.
The two outermost rings were assigned to the mem-
brane, and the rest were assigned to DNA. The 13 A˚
width and25 A˚ spacing of the latter match those found
in other dsDNA bacteriophages [30–33] and animal vi-
ruses [34].
Fitting of the P3 Crystallographic Structure
Initial atomic models for each map were made by manual
placement of the 1.65-A˚ X-ray P3 trimers into the icosa-
hedral asymmetric unit (AU). The fitting was optimized
by rigid body refinement using X-PLOR [35] while im-
posing icosahedral symmetry. Accurate fitting required
attention to several factors: masking the non-P3 density,
compensating for the differences in resolution and the
effects of microscope aberrations on the EM density
amplitude profile, and carefully assessing the micro-
scope magnification.
Estimation of the absolute scale for the cryo-EM re-
constructions was a very important step that was not
straightforward, since the available X-ray model was for
only a small piece of the complete viral particle. This
problem was solved in the following way. After an initial
rigid body refinement using the nominal magnification
of the microscope, the P3 trimers in the AU of each
map were gradually translated toward the center of the
particle until the crystallographic R factor was mini-
mized. This procedure improved the quality of the fit
Figure 3. PRD1 Facet and Vertex dramatically, with decreases of between 2% and 8%
(a) A facet of the sus1 reconstruction. The five-fold (pentagon), three- in the R factor (Figure 4). The packing of P3 trimers
fold (triangle), and two-fold (oval) icosahedral axes are indicated. The improved correspondingly, so that they now interdig-
12 P3 trimers composing the facet are colored in blue, with the 4
itated without gaps (Figure 5a). It is notable that tightertrimers in the AU in a darker shade denoted 1, 2, 3, and 4.
packing would have caused steep rises in energy due(b) End-on view of the five-fold structure. Note the pronounced right-
handed twist. to molecular overlap, although a Van der Waals energy
(c) Oblique view of the five-fold structure, showing the reconstructed term was not included. A molecular dynamics simulation
part of the spike. of the P3-shell gave a very similar particle radius (Flo-
(d) A cut through the five-fold structure, perpendicular to the capsid rence Tama, C.S.M., R.M.B., and Charles L. Brooks, III,
surface, showing its shape and inner cavity.
unpublished data), providing cross-validation of the two(e) A schematic showing the vertex dimensions. The adjacent P3 tri-
different approaches.mers are shaded in gray. The scale bar represents 100 A˚ in (a) and
50 A˚ in (b), (c), and (d). The threshold for surface rendering is 2. Once the absolute scale was determined, the mole-
cules were refitted to the density, and their final posi-
tions were obtained. To verify the uniqueness of the fit,
random rotations and translations in the interval [10,gation [3–6]. According to the current model, the star-
shaped base would correspond to the pentameric pro- 	10], [10 A˚, 	10 A˚] were applied to the P3 trimers in
the X-ray models, and the rigid body refinement wastein P31 (13.7 KDa), while proteins P2 (63.7 KDa) and
P5 (34.2 KDa) would contribute to the spike, of which repeated. This was done three times for each particle.
In all cases, the new positions found were virtually theonly a small part is reconstructed. The intriguing possi-
Bacteriophage PRD1 Quasi-Atomic Capsid Model
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AUs (Figure 6a). Although it is generally assumed that
X-ray models can be positioned within cryo-EM maps
with far greater precision than the estimated resolution,
no method has been established to assess this preci-
sion. An estimation for the PRD1 models was obtained
with the Luzzati method [36], used by crystallographers
to evaluate the positional error of atoms in X-ray struc-
tures. The R factor was plotted against resolution, and
the resulting curves were compared to a series of theo-
retical curves for known positional errors. The estimated
positional accuracy was 3.5 A˚ for the P3-shell and sus1
quasi-atomic models and was 5.5 A˚ for wt.
The quasi-atomic models were used to assess the
resolution of the cryo-EM maps by calculating the FSC
between their electron density calculated at 7 A˚ and the
masked cryo-EM reconstructions. These new estimates
were quite close to those based on cryo-EM data aloneFigure 4. Assessment of the Absolute EM Scale
for the P3-shell (11. 8 A˚ versus the nominal 12 A˚) andR factor values are plotted against the scale for each EM map.
Arrows indicate the starting pixel size for each reconstruction, after sus1 (13. 4 A˚ versus 14 A˚) particles. In fact, the differ-
a first rough adjustment to put all three maps on the same scale. ences are within those expected from the altered pixel
Stars mark the values chosen as the correct scales. size following the absolute scale determination. It is
notable that the much lower estimate for the wt map
(17. 5 A˚ versus 25 A˚) shows that the well-ordered P3
same as those in the model (rmsd0.2 A˚), with R factors part of the capsid is more reliably represented in the
differing by only 0.01%. reconstruction than the conventional estimate would
Several indicators of fitting quality were calculated: suggest [21]. The quasi-atomic models, filtered to their
the R factor, the cross-correlation coefficient, the num- estimated resolution, are shown in Figure 6b. This use
ber of atoms falling outside the cryo-EM map density, of X-ray information to obtain an independent assess-
and the number of atom clashes in the model. They all ment of cryo-EM resolution highlights the complemen-
showed that the correspondence between the molecular tarity of the two imaging techniques.
and EM models is remarkably good (Table 1, Figure 5) The PRD1 virion dimensions were measured from the
and indicate that the conformation of P3 in the virion capsid models. The average distance between trimers
matches that in the crystal. was 69.7
 0.4 A˚ in the P3-shell, 70.4
 0.3 A˚ in sus1, and
71.8 
 1.1 A˚ in wt. The difference in distance between
“Quasi-Atomic” Models of PRD1 Virions equivalent trimers in the three particles was 1.25 

“Quasi-atomic” models for all three particles were gen- 0.81 A˚, and none was greater than 2.3 A˚. These values
are not significant in comparison to the positional accu-erated by applying icosahedral symmetry to their fitted
Figure 5. P3 Fitting into the PRD1 Cryo-EM
Maps
(a) A space-filling, depth-cued representation
of the sus1 quasi-atomic model AU, as seen
from outside the capsid, showing that trimers
interdigitate without leaving gaps.
(b) The fit of the four P3 trimers in the sus1
AU, seen from outside the capsid. The blue
wire mesh represents the cryo-EM density,
while the C traces for the molecules are de-
picted in different shades of yellow.
(c–e) The fit of two P3 trimers in the cryo-EM
maps of the (c) wt virion, the (d) sus1 mutant,
and the (e) P3-shell, as seen in an arbitrary
cross-section of the capsid. In both the P3-
shell and sus1, the density corresponding to
some of the P3 N-terminal  helices (N) is
continued by a stretch of rod-shaped density.
This feature is not seen in the wt virion. Notice
the difference in the distance between the
protein layer and the outer membrane leaflet
(ol) in sus1 and wt. The scale bars represent




Table 1. Fitting Quality Indicators
Reconstruction R Factor (%) Cross-Correlation Coefficient (%) Atoms Outside Densitya Atom Clashesb
P3-shell 31.2 93.3 180 (0.7%) 121 (0.5%)
sus1 33.9 91.5 527 (1.5%) 115 (0.3%)
wt 36.0 88.0 801 (2.3%) 69 (0.2%)
a Number of atoms outside density per AU.
b Number of atom clashes per AU. This includes clashes between the trimers in the AU and with their closest neighbors in other AUs.
racy of the models (3.5 A˚ at best). The average dimen- brane is 20 A˚ for those helices that contact the mem-
brane. This distance would be easily spanned by 13sions of the PRD1 particle are: vertex to vertex, 698 A˚;
edge to edge, 655 A˚; and facet to facet, 637 A˚. The ratio residues, which would give a 19.5-A˚ long helix (at 1.5 A˚/
residue). The P3-shell map shows identical rods in thebetween the vertex-vertex and the facet-facet diameter
in the PRD1 particles is 1.09, while the same ratio in an same positions (Figure 5e), demonstrating that this fea-
ture is not dependent on the presence of the membrane.ideal icosahedron is 1.26; so, the capsids are more like
spheres than ideal polyhedra. The positions of each In the wt virion (Figures 5c and 7h), the membrane is
closer to the capsid and there is no extra density totrimer in the AU were the same in all three particles
(rmsd 2.4 A˚), after correction for the variation in appar- indicate that the 13 N-terminal residues form an ex-
tended helix. If this region is helical in wt, its residuesent particle size. This confirms that, unlike other bacte-
riophages [33, 37, 38], PRD1 does not conform to the must be inserted into the membrane, or there must be
a large conformational change that allows them to liemodel of bacteriophage procapsid-capsid maturation
through extensive conformational rearrangements. on the membrane surface. The N-terminal sequence of
P3 (AQVQQLTPAQQAA) does not contain enough hy-
drophobic residues for a transmembrane helix. In addi-Capsid-Membrane Connections
Although PRD1 does not experience large changes upon tion, the interaction must be reversible, since the mem-
brane is released upon DNA injection. It seems moreDNA packaging, there is a distinct difference in the
cryo-EM maps for the empty sus1 mutant and the DNA- plausible that the N terminus lies on the membrane sur-
face. A proline residue (Pro-9) is very close to the pointfilled wt particle (Figure 7). In both, arms of density reach
from the protein coat to the membrane, but the wt mem- where the N terminus becomes disordered in the P3
crystal structure. Prolines are known to cause kinks inbrane is closer to the shell and shows more connections.
The average distance between the P3 trimers and the  helices [39]. Pro-9 could create the flexibility needed
for the N terminus to adopt different orientations. It mayexternal leaflet was estimated from rotationally aver-
aged density profiles in 20 circular sectors around the form the pivot for the disordering or rearrangement of
the residues required for P3 to interact with the mem-icosahedral symmetry axes in central sections of the
sus1 and wt maps. The separation changed from24 A˚ brane in the wt virion.
One other region of P3 behaves similarly to the Nin sus1 to 12 A˚ in wt (Figures 7g and 7h), with the
largest shifts (from 29 A˚ to 14 A˚) occurring at the three- terminus in switching its membrane contacts: the I1B2
loop, which connects the two jellyrolls of each P3 mono-fold axis, and the smallest shifts (from 22 A˚ to 14 A˚)
occurring at the vertices. Figures 7e and 7f show the mer (Figure 1). This region does not interact with the
membrane in the sus1 mutant, but comes into contactlocations of the connections with respect to the sus1
and wt facets. The virion shows a 4-fold increase in the with it in the wt virion (Figures 5 and 7).
The three particles analyzed represent three differentnumber of linking arms over the sus1 mutant. In sus1,
the only contacts are along the edge of the icosahedron, steps in the PRD1 life cycle. Before DNA packaging
(sus1), some of the N-terminal helices at the icosahedronwhere the membrane is closer to the capsid than it is
in the center of the facet. edges are ordered and constitute the only contact points
between the capsid and the membrane. This points toAs the membrane is more rounded than the capsid,
it does not contact the vertex complex in either sus1 or a primary role of the N termini at the edges during assem-
bly. DNA packaging (wt) generates more contacts, bothwt. Moreover, the peripentonal P3 trimers do not contact
the membrane in sus1 and have only two contacts in from N termini and from loops, and causes a conforma-
tional change in the former, which appears to be accom-wt, in contrast to five or six contacts for the rest of the
trimers (Figures 7e and 7f). If other contacts exist, they panied by disordering of the helices. Finally, the P3-shell
model shows that the same helices that were ordereddo not respect the icosahedral symmetry and hence are
lost in the reconstructions. before packaging remain ordered when the membrane
is removed. It would then seem that, by some unknownThe quasi-atomic models show which P3 residues
form the connections. In the empty sus1 particle (Figures and puzzling mechanism, the membrane orders some
of the P3 N termini (in sus1, but not necessarily in wt)5d and 7g), the density corresponding to the P3
N-terminal helices is longer at the contacting positions, in such a manner that they remain helical when the
membrane is removed. Thus, the structural evidencewhere a rod-shaped density connects the first residue
in the P3 atomic structure and the membrane. The shape indicates that the N-terminal helix and the I1B2 loop
must both play important roles in virus formation,of the extra density strongly suggests that the 13
N-terminal residues missing in the crystal structure [15] genome packaging, and membrane release during
infection.form an extended helix. The distance between the inner-
most C atom of the X-ray P3 structure and the mem- The PRD1 membrane is more resistant to detergent
Bacteriophage PRD1 Quasi-Atomic Capsid Model
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Figure 6. PRD1 Quasi-Atomic Resolution Models
(a) C trace representations of the wt, sus1, and P3-shell models. A radially cued color scheme from blue (closest to the center) to white
(farthest) is used to give an impression of the capsid relief. The wt and sus1 models contain 2 million atoms, while the P3-shell model contains
1.6 million atoms.
(b) Surface-rendering representations of the models, filtered to the quantitatively determined resolution of each cryo-EM map: 17.5 A˚ (wt),
13.4 A˚ (sus1), and 11.8 A˚ (P3-shell). These can be compared with the experimentally determined reconstructions shown in Figure 2c.
treatment when the particle contains DNA [13]. The quasi- most likely responsible for the different responses of wt
and sus1 in membrane solubilization experiments.atomic models show a 4-fold increase in P3-membrane
contacts in wt over that in sus1. Moreover, the N-terminal
interactions change from a very small contact area with Trimer-Trimer Contacts
The quasi-atomic models provide an overall descriptionthe membrane surface in sus1 to an extensive one in
wt. These alterations in P3-membrane interactions are of the residues involved in P3-P3 contacts at each inter-
Structure
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Figure 7. P3-Membrane Contacts
(a and b) Surface-rendered sections of the (a)
PRD1 sus1 and (b) wt reconstructions show
the reduction in the P3-membrane distance
in the wt virion, compared with the mutant.
(c and d) Corresponding contoured sections
in the perpendicular direction, parallel to an
icosahedral facet, at a radius just outside the
membrane (green lines in [a] and [b]). Notice
the increase in patches of density contacting
the membrane in wt.
(e and f) The red stars show the positions of
the P3-membrane contacts with respect to
the sus1 and wt facets. The P3 trimers in a
facet are colored light blue, and the vertex
structures are colored yellow. A white triangle
indicates the position of the icosahedral
three-fold axis.
(g and h) Details of the fitted P3 structure in
the sus1 and wt cryo-EM maps. In sus1, the
density for some of the N-terminal  helices
(N) is shorter than the rest and does not con-
tact the outer membrane leaflet (ol), while, in
the virion, there are contacts for almost all
N-terminal  helices and I1B2 loops (L). The
maps are contoured at 1 in (a)–(d) and (g)–(h)
and at 2 in (e)–(f). The scale bars represent
200 A˚ in (b) and (f), 100 A˚ in (d), and 50 A˚ in (h).
face in the capsid, although their detailed side chain vertex proteins interact with the peripentonal P3 trimers
through their B surfaces.interactions will depend on changes occurring when
the molecules pack in the capsid. The nomenclature The residues involved in P3-P3 contacts were defined
as any pair with atoms closer than 4 A˚. Figure 8 and Tableestablished for adenovirus [40] (the only other known
example of a pseudo T  25 capsid) was used to de- 2 show the residues and secondary structure elements
contributing to the interfaces. In a perfect icosahedron,scribe the different P3 interfaces in sus1, as this is the
highest resolution model with all four independent tri- the AA interface at the icosahedral two-fold axis (AA	,
following the nomenclature in [40]) differs from the othermers in its AU. The P3 trimer is represented as a hexagon
with two different faces. Face A comprises two  barrels two AA interfaces (AA). This was observed in PRD1.
Furthermore, the two AA interfaces also differ and arefrom different subunits, while face B is formed by the
two  barrels within the same subunit (Figure 8a, inset). termed AA1 for those connecting peripentonal trimers
and AA2 for those joining trimer 2 in one facet and trimerUsing this representation, all P3-P3 contacts in the cap-
sid can be ascribed to three main types of interface: 4 of the adjacent facet (Figure 8a). Both AA interfaces
involve the same region of the P3 molecule, but AA2AA, BB, and AB. AB contacts join the trimers in the same
facet. AA and BB interfaces connect trimers in different has fewer contacting residues than AA1 (Table 2).
Each interface induces a characteristic curvature infacets along the icosahedron edges (Figure 8a). The
Bacteriophage PRD1 Quasi-Atomic Capsid Model
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Figure 8. P3 Trimer-Trimer Contacts in the
Capsid
(a) A schematic showing the different inter-
faces in an AU of the PRD1 sus1 capsid. The
four P3 trimers in the AU are depicted in dif-
ferent colors and are labeled 1–4, while the
P3 trimers in adjacent AUs are colored dark
gray and are labeled with a superscript ac-
cording to their AU. A hexagonal mesh sche-
matizes the trimer-trimer interactions;
dashed lines outline P3 trimers within the
same icosahedral facet as the central AU,
while dotted lines indicate P3 trimers in adja-
cent facets. An orange pentagon, triangle,
and oval indicate the positions of the icosahe-
dral symmetry axes. The five different types
of P3-P3 interfaces are marked AB, AA1,
AA2, AA	, and BB. The inset (bottom right)
shows a single P3 trimer and its A and B faces.
(b–d) Areas of the P3 monomer involved in
each interface: (b) AB, (c) BB, (d) AA, and
(e) AA	. Data for interfaces AA1 and AA2
are shown merged in a single panel, since the
contacting residues map to the same regions
of the P3 monomer. The ribbon diagram is
colored according to the number of times a
particular residue is involved in trimer-trimer
contacts, from violet (no contacts) to yellow
(most contacts).
to the fact that the curvature of the facets is almostthe P3 network. Trimers in the same facet (AB contacts)
are tilted by 10with respect to each other. The curvature without discontinuity at the two-fold icosahedral axis
(AA	, 12).is distinctly larger at the edges (BB, 23; AA1, 28; AA2,
32), but the PRD1 capsid is not sharply faceted due Buried surface area estimates were similar for all inter-
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Table 2. Trimer-Trimer Contacts in the Capsid
P3 Residues Involved in Each Type of Interface
Secondary
Structure
Residue Number a Elementa
AB BB AA	 AA1 AA2
40–48 41, 44–46 38, 40–41 40 B1
50–54 51–52 BC1
56–62 60–62 60–62 CD1
98, 102 98, 100, 102 E1
105–109 104–108 EF1
111 111 F1
183–190 185–189 183–187 185–187 GH1
191, 193, 195 191, 195 H1
230, 234, 236, 238 229, 231 236, 238 236, 238 I1
261–265 257, 261–265 B2
266–272 266 266–269, 271–272 272 BC2
273, 277 275, 277 273 277 C2
279–280, 282 279–282 279–281 280–281 CD2
304–305, 309 304–305 E2
310–313 310–313 311–313 EF2
314–315 314–315 314 F2
318 318 FG2
355, 357 355, 357 352–353, 356–357 352–353, 356–357 GH2
363 H2
367, 369–372 370 HI2
374, 379 372, 381 I2
382–384 383–384 C terminus
Type of Residues Involved in the Different Interfaces
Interface Total Number of Residues % Charged % Polar % Hydrophobic
AB 84 24 39 23
BB 38 29 37 21
AA	 16 13 56 19
AA1 28 7 43 39
AA2 19 5 42 37
a Residue numbering and secondary structure element nomenclature are as in [15].  sheets are in bold, and loops are in italics.
faces, although they were lower at the edges than in The high proportion of hydrophobic residues in the
AA interfaces may indicate that the capsid edges havethe facets (AB, 1217 A˚2; BB, 1140 A˚2; AA	, 912 A˚2; AA1,
938 A˚2). A notable exception was interface AA2, for pockets for glue proteins. Preliminary difference im-
aging between the sus1 quasi-atomic model and thewhich the value was only 581 A˚2. Measurement of the
distance between the centers of gravity of the P3 trimers cryo-EM reconstruction supports this hypothesis, as it
reveals peaks of density in both AA interfaces (datainvolved in both AA interfaces showed that the trimers
in the AA2 interface are 2 A˚ farther apart than the not shown). The AA1 and AA2 interfaces involve the
same region of the P3 molecule, but they differ in thetrimers in the AA1 interface.
The distribution of charge for each of the interfaces mutual inclination of P3 and in area. This suggests that
there might be two different cementing proteins involvedis shown in Table 2. The AB and BB contacts arise from
a homogeneous mixture of charged, noncharged polar, at the edge (with 60 sites for each), as is the case for
adenovirus [22]. The AA2 interface is unusual in that itand hydrophobic residues (30% of each). On the other
hand, the AA interfaces are poor in charged residues. has the smallest contact area and the widest spacing
of all modeled P3-P3 interfaces. This interface corre-AA	 is predominantly polar (56%), while both AA inter-
faces are distinctly more hydrophobic (40%) than the sponds precisely to the position in the adenovirus virion
where polypeptide IIIa, one of the minor capsid proteins,others (20%).
The quasi-atomic models show that adenovirus and spans the capsid to rivet hexons in adjacent facets to-
gether [22]. Thus, the peculiarities of the AA2 interfacebacteriophage PRD1 not only share the same general
pseudo T  25 architecture, but that there may be may point to a cleft appropriate for a similar cementing
protein in PRD1. The recently discovered protein P30deeper similarities in the way that this is accomplished.
The curvature of the trimer contacts follows a similar (9 KDa), the only other protein present in the P3-shell, is
a good candidate for this position (P.S. Rydman, J.K.H.pattern, with P3 trimers in the same facet tilted 10 with
respect to each other. This creates a nonplanar facet, Bamford, and D.H.B., unpublished data).
The second AA interface (AA1) is located betweenas previously seen for adenovirus [41]. We propose that,
in another intriguing parallel, the shape of PRD1 is influ- peripentonal P3 molecules, where polypeptide VI is
found in adenovirus [22]. It is notable that these peripen-enced by the presence of cementing proteins.
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tonal P3 molecules have two highly hydrophobic AA1 chitectural arrangements of their common ancestor. It
is conceivable that a more extensive knowledge of PRD1interfaces (Figure 8a), while the other trimers have none.
It is possible that the specific glue protein at this inter- will provide insights applicable to adenovirus and its
use as a gene therapy vector.face not only helps to stabilize the capsid, but also plays
a role in the dissociation of these trimers upon SDS
Experimental Procedurestreatment of the sus1 particle to form the P3-shell [13].
It has been proposed that a sequential dissociation of
Virus Preparationthe spike, vertex, and peripentonal trimers is part of the
PRD1 wt and packaging-deficient sus1 mutant particles were ob-
signal mechanism used by PRD1 to attach to the host tained by infecting the nonsuppressor host Salmonella enteritica
and release its DNA into the cytoplasm [2, 4, 42]. Thus, var. typhimurium DS88. Particles were purified by rate-zonal centrif-
ugation and ion-exchange chromatography [45]. They eluted fromthe identification and mapping of factors that affect the
the ion exchange cartridge at about 450 mM NaCl (20 mM Tris-HClstability of the capsid, particularly at the vertex, is of
or 10 mM potassium phosphate [pH 7.2]) and a protein concentrationcrucial importance to understand the infective process.
of 6 mg/ml. The specific infectivity of the wt specimen was 9 Some residues in the P3 C terminus are involved in
1013 pfu/mg protein. P3-shells were produced from sus1 particles
trimer-trimer contacts of types AB and BB (Figure 8, by SDS treatment and consecutive rate-zonal and differential cen-
Table 2). The ten C-terminal residues are disordered in trifugation [13]. They were resuspended in 20 mM Tris-HCl (pH 7.2)
to a concentration of about 5 mg/ml.all three independent monomers in the crystal structure
of the P3 trimer [15]. Although these flexible C termini
Electron Microscopyare not present in the current capsid models, they are
Virus samples were vitrified [2] and transferred to a Gatan 626 cryo-at sites where they could be involved in trimer-trimer
stage for observation in a Philips CM200 FEG microscope operatingcontacts. This is reminiscent of the situation in poly-
at 200 kV. Micrographs were recorded on Kodak SO-163 film under
omaviruses, where the C-terminal arms of each capso- low-dose conditions. The nominal magnifications were 36,000 and
mere extend toward their neighbors in conformations 50,000, and the underfocus values ranged from 1.3 to 4.1 m.
that depend on their position in the capsid [43, 44].
Image Processing
Micrographs were digitized in a Zeiss-SCAI scanner using a step size
of 7 or 14 m and interpolated to 14 m. This gives a nominal pixelBiological Implications
size in the sample of 3.68 A˚ for micrographs recorded at 36,000
or 2.8 A˚ for those recorded at 50,000. Individual micrographs (5PRD1 is the model organism of the Tectiviridae family,
for the P3-shell, 29 for sus1, and 12 for the wt virion) were selected
a group of bacteriophages that infect a broad range of that showed an adequate ice thickness and particle distribution and
antibiotic-resistant bacterial strains. This characteristic were free of drift and astigmatism. The contrast transfer function
(CTF) parameters of each micrograph were determined from itsmakes them good candidates for studies on therapeutic
rotationally averaged power spectrum, obtained by patch averaginguses of bacteriophages. The PRD1 virion has a mem-
[46]. Particle selection was either done manually in SPIDER [47] orbrane inside its icosahedral capsid, which is unusual in
automatically in ETHAN [48]. Centering, masking, and ramping werethe bacteriophage world and makes PRD1 an ideal
performed using SPIDER. Initial particle orientations for CTF-
model system for studying membrane biogenesis and multiplied images were obtained by comparison with the previously
translocation. published reconstructions [2] using the model-based polar Fourier
transform (PFT) method [49]. Orientations were refined using PFTThe combination of crystallographic and cryo-EM
and cross-common lines [50]. Magnification differences betweendata presented here has provided quasi-atomic struc-
and within micrographs were adjusted by scaling [51].tural information on three forms of the PRD1 capsid
emfit [24] was used to model the X-ray structure of the trimericrepresenting different stages of the bacteriophage life
P3 into an 18-A˚ resolution cryo-EM reconstruction of the P3-shell.
cycle, whose size alone makes atomic resolution im- The preliminary model was used to further refine the cryo-EM orien-
aging difficult. The resulting models define several im- tations to higher resolution and was later used to estimate a correc-
tion for the amplitude information with ndyn_ctf [46]. This programportant areas of the PRD1 major coat protein (P3) mono-
calculates the ratio of the amplitudes for the rotationally averagedmer. The N terminus and the I1B2 loop are the only
power spectra of the preliminary P3-shell model and each phase-regions contacting the membrane and are the only ones
corrected map, and it then applies this weighting function to theexperiencing changes upon DNA packaging. The resi-
corresponding phase-corrected map. The resolution of each recon-
dues involved in each of the different P3-P3 interactions struction was estimated by calculating the FSC curve for two inde-
have been defined, and two potential sites for glue pro- pendent reconstructions [52, 53], using a threshold of 0.5. The icosa-
hedral reconstruction and CTF correction programs are availableteins have been found at the icosahedron edges. Future
and documented at http://www.strubi.ox.ac.uk/strubi/cryo/work, based on these results, will probe the roles of
STRUBI_Virus_Structure.html.these regions by observing how mutations affect such
Surface rendering and visualization were carried out with WEBcritical processes as virus formation, genome packag-
[47] and AVS (Advanced Visual Systems). The contour level was
ing, and DNA release through the sequential dissociation chosen to give the expected volume for the P3 component of the
of the vertex during infection. capsid, at 1.33 g/cm3 protein density. At this level, the membrane
appeared discontinuous, and so its contacts were studied at a lowerThe striking structural similarity between the virions
threshold.of bacteriophage PRD1 and adenovirus is likely to have
deeper biological relevance. Structural studies on PRD1
X-Ray Fittingshould improve our knowledge of the processes of as-
The crystallographic structure of the P3 trimer at 1.65 A˚ resolutionsembly, stabilization, and disassembly of both these
([15], PDB accession code 1HX6) was fitted to the four (or three, in
complicated particles. The results will further elucidate the P3-shell) independent positions of the icosahedral particles as
the intriguing question of how viral evolution has pro- follows. The molecules were first manually placed in their corre-
sponding density in the sus1 cryo-EM map using O [23]. The resultingduced such distant organisms while maintaining the ar-
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transformations were used as starting points for further refinement lated with X-PLOR [35]. The number of atoms outside the masked
cryo-EM density was measured using MAPMAN and MAMA [57].in the three maps, which were scaled by comparing the wt and P3-
shell radial profiles to that of the sus1 reconstruction. Optimization Luzzati plots were made using X-PLOR [35], XPLO2D, and O2D [57].
of the fitting was done independently for each reconstruction, using
rigid body minimization [54]. Construction and Analysis of Quasi-Atomic Capsid Models
The cryo-EM maps were normalized and masked using SPIDER Quasi-atomic resolution models for the complete wt, sus1, and P3-
[47], to exclude as much density not belonging to the P3 protein shell particles were constructed by applying icosahedral symmetry
shell as possible. The masks were built following the guidelines to each refined AU. The rmsd between the positions of equivalent
described in [55] by alternating thresholding and low-pass filtering trimers in the three particles was calculated using LSQMAN [57].
operations on each of the three reconstructions. In the wt recon- Particle diameters were calculated according to the positions of the
struction, it was first necessary to apply an icosahedral mask to outermost atoms of the fitted P3 trimers closest to each icosahedral
eliminate the inner densities of the core using ico_crown (kindly symmetry axis.
supplied by A. Pascual, CNB, Madrid). Masks were applied to the X-ray-derived density maps at 7.0 A˚ resolution were created using
corresponding EM maps by multiplication, and all negative density FFT from the CCP4 package [56]. An overall B factor of 300 A˚2 was
was set to zero. The structure factors of the masked cryo-EM maps applied to avoid Fourier ripple artifacts. Finally, the resolution of the
were calculated by Fourier transformation using SFALL of the CCP4 cryo-EM maps was assessed with SPIDER [47], by comparing the
package [56]. masked cryo-EM maps used for the rigid body refinement with
The rigid body refinement was performed including only data to the 7 A˚ X-ray-derived maps using the FSC criterion [52, 53] with the
the resolution of the cryo-EM maps. A decay function of the form threshold set at 0.5.
Residues involved in trimer-trimer contacts were identified using
d(s)  eBs 2, (1) CNS [58]. The curvature induced in each interface was determined
as the angle between the three-fold axes of the two trimers involved
where s is the frequency in A˚1, and B is the temperature factor,
in the interface. Buried surface area was calculated using SC from
was applied to the X-ray model amplitudes. The appropriate value
the CCP4 suite [56, 59]. The graphics programs O [23], MOLSCRIPT
of B was selected in each case by trying values ranging from 0 to
[60], BOBSCRIPT [61], and RASTER3D [62] were used to display
3500 A˚2 and calculating the crystallographic R factor using X-PLOR
the results.
[35], with the resolution cutoff set at the corresponding cryo-EM
map resolution. The B value that gave the lowest R factor was selected
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Accession Codes
The coordinates for the PRD1 quasi-atomic models have been de-
posited in the PDB with ID codes 1HB5 (P3-shell), 1HB7 (sus1), and
1HB9 (wt).
